Most chloroplast and mitochondrial proteins are synthesized with N-terminal presequences that direct their import into the appropriate organelle. In this report we have analyzed the specificity of standard in vitro assays for import into isolated pea chloroplasts and mitochondria. We find that chloroplast protein import is highly specific because mitochondrial proteins are not imported to any detectable levels. Surprisingly, however, pea mitochondria import a range of chloroplast protein precursors with the same efficiency as chloroplasts, including those of plastocyanin, the 33-kDa photosystem II protein, Hcf136, and coproporphyrinogen III oxidase. These import reactions are dependent on the ⌬ across the inner mitochondrial membrane, and furthermore, marker enzyme assays and Western blotting studies exclude any import by contaminating chloroplasts in the preparation. The pea mitochondria specifically recognize information in the chloroplast-targeting presequences, because they also import a fusion comprising the presequence of coproporphyrinogen III oxidase linked to green fluorescent protein. However, the same construct is targeted exclusively into chloroplasts in vivo indicating that the in vitro mitochondrial import reactions are unphysiological, possibly because essential specificity factors are absent in these assays. Finally, we show that disruption of potential amphipathic helices in one presequence does not block import into pea mitochondria, indicating that other features are recognized.
translocase of inner chloroplast or mitochondrial membrane) to effect translocation of the precursor into the organelle, and then the transit peptide is cleaved by a processing peptidase (for reviews see Refs. 1 and 2). Analysis of the transit peptides for chloroplast and mitochondrial precursors has revealed that there is little conservation at the primary sequence level either in composition or in length, although some general features have been identified (3, 4) . Chloroplast transit peptides have few acidic residues and are rich in hydroxylated residues; plant mitochondrial presequences share these characteristics but also frequently form amphipathic ␣-helices, with positive charges clustered on one side (5) . This characteristic is important for targeting into fungal mitochondria (6) , although less is known about its importance for targeting to plant mitochondria.
Nevertheless, it is generally considered that the transit peptides are specific for their respective organelles and that the receptor machinery on the outer membranes of chloroplasts and mitochondria is able to discriminate between bona fide precursors and those of the other organelle. For example, precursors for the photosynthetic proteins chlorophyll a/b-binding protein and the 33-kDa photosystem II protein (33K) 1 are not imported into plant mitochondria (7, 8) , and the ␤-subunit of the F 1 -ATPase from Nicotiana plumbaginifolia will target proteins to plant mitochondria in vitro (7, 8) and in vivo (9) but not to chloroplasts. In contrast, there have been recent reports of proteins that appear to be dual-targeted to both organelles. Creissen et al. (10) showed that expression of one of the isoforms of pea glutathione reductase (GR; EC 1.6.4.2) in transgenic tobacco resulted in targeting of the enzyme to both chloroplasts and mitochondria. Furthermore, the transit peptide alone was able to dual-target a bacterial phosphinothricin acetyltransferase protein in vivo. In Arabidopsis thaliana, the precursor for one isoform of ferrochelatase (pre-ferrochelatase-I), the terminal enzyme of heme biosynthesis, was found to be imported into both pea chloroplasts and mitochondria (11) , although pre-ferrochelatase-II was imported into chloroplasts only (12) . Similarly, the precursors for a number of aminoacyltRNA synthetases (RSs) from Arabidopsis have been shown to be dual-targeted. Transit peptides for methionyl-RS (13), histidyl-RS (14) , and cysteinyl-and asparaginyl-RSs (15) were able to target green fluorescent protein (GFP) to both chloroplasts and mitochondria after transient expression in tobacco protoplasts. Methionyl-RS was also shown to be imported into the two organelles in vitro (13) .
The transit peptides of all these dual-targeted proteins conform to the general characteristics of chloroplast transit peptides, while at the same time many, but not all, of them also have the potential to form amphipathic ␣-helices. To investigate this phenomenon of dual-targeting further, our goal was to determine whether there were different domains in the transit peptide of GR from pea that were important for targeting to each organelle. In particular, we wanted to determine whether removal of the positively charged residues reduced the import of precursor protein into isolated mitochondria, as would be expected by comparison with fungal mitochondrial transit peptides (6) . Additionally, the removal of positively charged residues has been shown to decrease the import efficiency to mitochondria in vitro (16 -19) . During our investigation, we carried out import of an extensive range of different precursor proteins into both isolated pea mitochondria and chloroplasts. Although the chloroplast import process was always found to be accurate, plant mitochondria were found to import a range of proteins that are found only in chloroplasts in vivo.
EXPERIMENTAL PROCEDURES

Materials-PRO-Mix
35 S]methionine/cysteine (Ͼ1000 Ci/mmol) was purchased from Amersham Biosciences. The Riboprobe® Systems, RNA polymerases, and RNasin were supplied by Promega. Thermolysin was from Sigma, and proteinase K was from BDH. m 7 G Cap analog was obtained from Roche Molecular Biochemicals. Table I details the source of plasmids encoding the cDNAs for the precursor proteins used in this study. Peas (Pisum sativum L.) var. feltham first were obtained from local seed merchants and grown as described previously (11) .
Production of Precursor Proteins in Vitro-
The synthesis of transcripts in vitro was carried out using the Riboprobe® Systems from Promega Corp. (Madison, WI) according to the manufacturer's instructions but with some minor changes. Transcription of mRNA from a plasmid template was carried out in 1ϫ transcription buffer (supplied by Promega Corp.) with the addition of 40 units of RNasin, 10 mM dithiothreitol, 1 mM ATP, 1 mM CTP, 0.8 mM GTP, 1 mM UTP, 0.5 mM m 7 G Cap analog, and 20 units of RNA polymerase. The mixture was incubated for an initial 30 min at 37°C. After the 30-min preincubation, GTP was added to a final concentration of 0.7 mM, and the mixture was incubated for another 30 min. The transcription mixture was extracted with an equal volume of phenol:chloroform (1:1), before being precipitated with 2.5 volumes of 100% v/v ethanol in the presence of 0.5 volume of 7.5 M ammonium acetate. Translation of the transcripts was carried out in 50% v/v rabbit reticulocyte lysate (Promega), 0.05 mM amino acid mixture (minus methionine and cysteine), 40 units of RNasin, and 11
The mixture was incubated at 30°C for 1 h to allow translation to take place. The resultant radiolabeled proteins were used immediately for import assays.
Isolation of Organelles and Import Studies-Chloroplasts were isolated from 7-to 8-day-old peas as described (20) , and mitochondria were isolated from 10-to 12-day-old peas as described (11) with some minor changes. Instead of two washes, the isolated mitochondria were washed once with RM-I buffer before finally being resuspended in 0.4 ml of RM-I buffer. Mitochondrial import reactions contained 50 g of protein in a 200-l reaction. The import assay into isolated mitochondria was adapted from Ref. 11 . The incubation buffer also contained 10 mM malate, 5 mM methionine, 5 mM cysteine, 5 mM ATP, and 20 M ADP. Freshly isolated mitochondria, equivalent to 100 -200 g of protein, were resuspended in import buffer, and then 9% v/v translation products were added. The assay was allowed to proceed for 30 min at 25°C. At the end of incubation, the import mixture was diluted if required with RM-I buffer before being divided into two equal portions. One portion was directly layered onto a 20% w/v sucrose cushion, and mitochondria were reisolated by centrifugation at top speed for 5 min in a microcentrifuge at 4°C. The other half was treated with 200 g/ml proteinase K, incubated at 4°C for 40 min, followed by the addition of 2 mM phenylmethylsulfonyl fluoride to terminate the activity of the protease. The mitochondria were then reisolated as above. The mitochondria of both protease-treated and -untreated portions were washed once with 1 ml of RM-I buffer before lysing them in 20 mM TES-NaOH, pH 7.2. The lysed mitochondria were dissolved in 1ϫ SDS loading buffer and then stored at Ϫ70°C until analysis. When used, 10 M valinomycin was added to the mitochondria prior to addition of the translation product. Samples were analyzed by SDS-PAGE and fluorography as described (11) .
The protocols for assaying the import of precursors into isolated chloroplasts were essentially the same as those described previously (21) with some modifications. In the import buffer, 6 -9% v/v translation products were used instead of 5%, and at the end of the reaction, 5 mM cysteine was added as well as unlabeled methionine. The mixture was incubated at 25°C for 30 min instead of 40 min under continuous illumination. After import, the chloroplasts were fractionated as described.
Western Blot Analysis-A serial dilution of mitochondrion and chloroplast preparations was set up, starting with 1 mg⅐ml Ϫ1 protein and diluting 2-fold to a final concentration of 0.008 mg⅐ml Ϫ1 protein. A 20-l aliquot of each dilution was electrophoresed on 17% (v/v) SDS-acrylamide gels. Proteins were transferred to nitrocellulose prior to blocking overnight in 10% Marvel milk in 0.1% PBST. Blots were then probed with an antibody raised against the 23K protein of the oxygen-evolving complex of photosystem two (1:1000 dilution in 0.1% PBST) or against the F 1 ␤-subunit of the mitochondrial ATPase (1:500 dilution in 0.1% PBST) according to the protocol ECL-Western blotting available on the internet at www.biol.rug.nl/lacto/protocols/westernecl.html. The secondary antibody used was anti-rabbit conjugated to horseradish peroxidase (1:10000 dilution in 0.1% PBST), and the bands were detected using chemiluminescence.
Enzyme Assays and Chlorophyll Determination-Glyceraldehyde-3-phosphate dehydrogenase activity was measured using a method based on the protocol of Wu and Racker (22) in an assay containing 0.1 M HEPES, pH 7.9; 0.25 mM NADPH; 9 mM MgCl 2 ; 3 mM ATP; 25 units of phosphoglycerate phosphokinase (EC 2.7.2.3); 5 mM 3-phosphoglycerate. The change in absorbance at 340 nm was measured at 25°C for 5 min. The cytochrome c oxidase assay was modified from the protocol of Tolbert (23) . Cytochrome c was reduced by adding sodium dithionite until the ratio of the absorbances at 550 and 565 nm was equal to 10 Ϯ 0.5. The assay mix consisted of 250 g⅐ml Ϫ1 reduced cytochrome c, 100 mM sodium phosphate buffer, and 0.01% (v/v) Triton X-100. The initial change in absorbance was measured at 550 nm and 25°C. The concentration of chlorophyll was determined using the protocol of Arnon (24) .
Targeting of CPO Fusions to GFP in Vivo-Constructs encoding the full-length protein coding sequence for CPO (CPO full ) or the first 92 amino acids (CPO leader ) were generated by PCR amplification from the full-length cDNA encoding CPO-I from Arabidopsis (35), using as forward primer AtCPO-I.fwd (5Ј-ATAGGATCCATGGCTTCTCACTCG-TCG-3Ј) and either AtCPO-I.rev2 (5Ј-ATAGGATCCCGATCCACTCCT-TCGGGTTG-3Ј) or AtCPO-I.tprev (5Ј-TATGGATCCCTTGAGCAGCCC-TAATCATAG-3Ј), respectively. The PCR products were cloned into the BamHI sites in psmRSGFP (25) to generate fusions to the coding sequence for solubility-modified, red-shifted green fluorescent protein, under the regulation of the CaMV35S promoter and the nopaline synthase terminator. The fidelity of PCR amplification and the fusion junctions were checked by sequencing. The plasmids were named pAt-CI f -GFP.UC118 and pAtCI ld -GFP.UC118. A construct encoding the transit peptide of the dual-targeted Arabidopsis histidyl-tRS fused to GFP (14; a gift from Dr Ian Small, INRA, Evry, France) was used as a control.
The constructs were introduced into tobacco leaf guard cells via particle bombardment using a PDS-1000/He System (Bio-Rad). Young tobacco leaves were placed on a piece of wetted Whatman filter paper in a 9-cm Petri dish. The leaves were then bombarded with DNA-coated M-10 tungsten particles (Bio-Rad) at a target distance of 9 cm. The tungsten particles were delivered at a helium pressure of 1,350 pounds/ square inch and a chamber vacuum of 28 inches of mercury. The bombarded tissues were incubated under constant white light for about 16 -18 h before being analyzed under a Leica TCS SP confocal microscope. An argon ion laser line of 488 nm was used to excite both the GFP fluorophore and the chlorophyll. The emission spectra of the excited GFP and the chlorophyll autofluorescence were collected between 500 and 515 nm (fluorescein isothiocyanate settings) and 630 -670 nm (tetramethylrhodamine B isothiocyanate settings), respectively, in two separate channels. The recorded digital images were then imported and graphically enhanced using the Adobe® Photoshop®5.5 program.
Site-directed Mutagenesis of GR Transit Peptide-Positively charged arginine residues at positions 20, 33, and 54 in the GR presequence were changed to alanine using a method based on the inverse PCR protocol outlined in Hemsley et al. (26) . To change the GRPAT lysine residue at position 27 to alanine, in vitro site-directed mutagenesis was carried out using the QuikChange TM Site-directed Mutagenesis Kit (Stratagene) and Epicurian coli (L.) XL1-Blue supercompetent cells (Stratagene). (10) had shown that pea GR is targeted to both chloroplasts and mitochondria in vivo, and the original objective of this study was to characterize further this process using in vitro assays for the import of proteins by isolated chloroplasts and mitochondria. A principal aim was to test the importance of an amphipathic helix for the mitochondrial targeting process. The presequence for pea GR is in general more characteristic of chloroplast-targeted proteins than those of mitochondria, being relatively long (about 60 residues), and enriched in hydroxylated amino acids. However, the helical wheel projection shown in Fig. 1 indicates that two short amphipathic regions can form, if the presequence adopts a helical structure.
RESULTS
GR Is Imported into Both Isolated Chloroplasts and Mitochondria-Previous studies
The precursor of GR (pGR) was synthesized in vitro by transcription of a cDNA clone (Table I) followed by translation in a reticulocyte lysate system in the presence of [ 35 S]methionine/ cysteine. The precursor was then incubated with isolated pea chloroplasts (Fig. 2 , left-hand panels). It can be seen that the 62-kDa precursor protein is imported and processed to the predicted size of the mature protein (54 kDa) and that it is located almost exclusively in the stroma, which is consistent with the observation that the enzyme activity is soluble (27) . The precursor is also imported and processed by isolated pea mitochondria (Fig. 2, right-hand panels) , as expected given the in vivo data described above.
As positive controls for the import reactions, we incubated the organelles with precursors to the mitochondrial alternative oxidase (AOX (28)) and the major light-harvesting chlorophyllbinding protein (Lhcb1 (29)) of the chloroplast thylakoid membrane. As expected, the 36-kDa precursor of AOX (pAOX) was found to be imported only into mitochondria, whereas the 30-kDa pLhcb1 was targeted only into chloroplasts (Fig. 2) . This indicates that our organelle preparations do not contain significant contamination of the other organelle, an observation supported by other studies (see below).
Isolated Plant Mitochondria Import a Range of Chloroplast
Protein Precursors-Whereas the AOX and Lhcb1 precursors are often used as substrates for mitochondrial/chloroplast import assays, we also analyzed other precursor proteins as controls for the import, principally to check for cross-contamination of the purified chloroplast preparations with mitochondria and vice versa. The substrates used were the 33-kDa subunit of the oxygen-evolving complex (33K (30)), plastocyanin (PC), Hcf136, a protein involved in the assembly of Photosystem II (32) , and the tetrapyrrole biosynthesis enzyme CPO, which is located in the chloroplast stroma (33) (34) (35) . The origin of the cDNAs and the constructs used to generate radiolabeled precursor proteins for each of these are listed in Table I . Fig. 3 shows that, as expected, all four proteins are imported into chloroplasts (left-hand panels), processed to the mature size, and targeted correctly within the organelle. 33K, Hcf136, and plastocyanin are thylakoid lumen proteins and are hence found primarily in the thylakoid fraction (lanes T), although the stromal intermediate of Hcf136 is also apparent (int). CPO is targeted into the stroma (lane S). However, quite unexpectedly, all four precursors were also imported into isolated pea mitochondria (Fig. 3 , right-hand panels). p33K is imported and processed by the mitochondria to an intermediate size product (33K*) that runs as a 35-kDa protein. pHcf136 is converted to two products of similar sizes to those found in chloroplasts, and pCPO is processed to a protein of similar size (denoted CPO*) to the mature protein generated by chloroplasts. Pre-plastocyanin is readily imported by mitochondria and processed exclusively to an intermediate size band (PC*) that runs almost exactly between the precursor and mature size PC proteins (not shown).
Several points can be drawn from these and other data. First, these chloroplast proteins are imported by the pea mitochondria with the same efficiency as into chloroplasts. Second, we have found other chloroplast proteins are also imported by isolated mitochondria, including glutathione peroxidase (36) and the 23-kDa subunit of the oxygen-evolving complex (data not shown). This means that several different chloroplast proteins, including stromal, extrinsic thylakoid, and thylakoid lumen proteins, can be imported by plant mitochondria. Finally, although most of the experiments were carried out using mitochondria from pea leaves, similar import characteristics were observed for mitochondria isolated from maize leaves and potato tubers. 2 Nevertheless, it should be emphasized that several chloroplast precursor proteins are not imported into mitochondria, including porphobilinogen deaminase (11), ferrochelatase-II (12), and Lhcb1 (Fig. 2) .
Observed Mitochondrial Import Characteristics Are Not Due to Chloroplast Contamination-To demonstrate that the lack of precursor specificity seen in the in vitro mitochondrial import assays was not due to contamination with chloroplasts, further experiments were conducted. First, we made a precise measurement of the chloroplast contamination in the mitochondrial preparation. In chloroplast import experiments, the organelles were added to give a final chlorophyll concentration of 0.33 mg/ml. The mitochondrial import mixture used in Fig. 3 was found to have a chlorophyll concentration of 0.05 g/ml, i.e. the chloroplast content is less than 0.01% that of the chloroplast suspension. The organelle fractions were also assayed for the mitochondrial and chloroplast marker enzymes, cytochrome c oxidase, and glyceraldehyde-3-phosphate dehydrogenase, respectively. In fact, no glyceraldehyde-3-phosphate dehydrogenase activity was detected in the mitochondrion fractions, and only very low levels of cytochrome c oxidase activity were 2 K.-S. Chow and A. G. Smith, unpublished observation.
FIG. 1.
The GR presequence contains two putative amphipathic ␣-helices. Amphipathic ␣-helices are seen as a cluster of positively charged residues on one side of the helical wheel projection (40) . Plotting the GR presequence onto one of these projections shows two clusters of positive charges on either side of the wheel which may form putative amphipathic ␣-helices. Positive residues are shown in red and the numbers indicate the position of the amino acid in the presequence.
detected in the chloroplast fractions (data not shown).
Second, purified mitochondrial and chloroplast preparations were serially diluted, and the samples were analyzed by Western blot with a mixture of antibodies raised against the 23-kDa protein (23K) of the oxygen-evolving complex of photosystem II and the F 1 ␤-subunit of the mitochondrial ATPase. The import assays shown in Fig. 3 contained mitochondria or chloroplasts at an equivalent protein concentration, and we used Western blotting to assess the cross-contamination in these preparations (Fig. 4) . Lanes M and C are samples of 0.125 mg/ml protein of mitochondria and chloroplasts, respectively. The data show that the 23K antibodies recognize a single protein, whereas the F 1 ␤-subunit antibodies recognize the F 1 ␤-subunit (in lane M) and also the slightly smaller CF 1 ␤-subunit of the thylakoidal ATP synthase in lane C. Importantly, the 23K antibodies do not recognize any protein in the mitochondrial samples, even at the highest protein concentration, whereas the 23K protein is recognized in chloroplast samples even after 64-fold dilution. These data confirm that the chloroplast concentration in the mitochondrial samples is very low indeed.
Finally, we carried out chloroplast import assays at the same concentration of chlorophyll as that found contaminating the mitochondrial preparations, under the conditions used in the mitochondrial in vitro import assay. Fig. 5 shows that p33K is not imported into chloroplasts when the organelles are diluted to 0.05 g/ml chlorophyll, although efficient import was observed in the standard import assay (0.33 mg/ml chlorophyll). This demonstrates that the few chloroplasts contaminating the mitochondrial preparation could not possibly be responsible for the observed efficient import of chloroplast proteins.
Although plant mitochondria are clearly capable of importing a wide range of chloroplast proteins, the reverse is not the case. In numerous experiments we observed no import whatsoever of pAOX into chloroplasts even at high concentration (0.33 mg/ml chlorophyll) and under either chloroplast or mitochondrial import assay conditions (data not shown), although pAOX was shown in this study (Fig. 2) and previously (37) to be imported into mitochondria. Furthermore, we observed no import of other mitochondrial precursor proteins, including NAD malic enzyme and the adenine nucleotide carrier (Ref. 11 and data not shown). These results indicate that the chloroplast in vitro import assay is highly specific.
Other studies indicate that the energetic requirements of the chloroplast and mitochondrial import processes are significantly different. The potassium ionophore, valinomycin, was found to inhibit completely the import of both mitochondrial and chloroplast proteins into mitochondria (data not shown). This dissipates the membrane potential (⌬) across the inner mitochondrial membrane, which then blocks mitochondrial protein import (38) but does not affect chloroplast import (39) .
TABLE I Origin of cDNAs and constructs for transcription/translation in vitro of precursor proteins
Import experiments were carried out using the following precursor proteins, cDNAs for which were cloned into the appropriate vector for transcription in vitro. The origin of the cDNA and proposed subcellular location are indicated, together with cited references where appropriate. The plasmid encoding the AtCPO leader -GFP fusion protein was made by subcloning the coding region from pAtCI 1d -GFP.UC118 (see "Experimental Procedures") into pGEM-4Zf. 
FIG. 2. Import of GR into isolated organelles in vitro.
The precursor of pea GR (pGR) was incubated with isolated chloroplasts or mitochondria as detailed under "Experimental Procedures." As controls, parallel incubations were carried out using the precursors of Lhcb1 and the AOX (pAOX). After import into chloroplasts, samples of the chloroplasts were analyzed directly (lanes C) or after treatment with protease (thermolysin; lanes Cp). Other samples of proteasetreated chloroplasts were lysed, after which samples of the stroma (S) and thylakoids (Thy) were analyzed. After import into mitochondria, samples were analyzed of the mitochondria (M) and of mitochondria treated with protease (Mp). Lanes TP, translation products. Mobilities of mature proteins are indicated.
FIG. 3. Import other precursors into isolated organelles in vitro.
Chloroplasts and mitochondria were isolated from pea leaves as in Fig. 2 and incubated with precursors of wheat 33K, pea PC, Arabidopsis CPO, and Hcf136. Samples were processed and analyzed as in Fig. 2 . Mobilities of mature size proteins were indicated for the chloroplast import. The products of import into mitochondria are shown by an asterisk, and those for CPO* and Hcf136* are similar in size to those in chloroplasts, whereas 33K* and PC* are larger.
Again, this shows that the mitochondria are able to import chloroplast proteins, and the data furthermore suggest that the usual inner membrane import machinery may be involved because this machinery depends on an electrical potential.
Import of Plastid CPO Is Highly Specific in Vivo-
The data shown above demonstrate that a range of chloroplast proteins is imported by plant mitochondria with the same efficiency as into chloroplasts. It appeared unlikely that these proteins are all imported into mitochondria in vivo because PC, Hcf136, and 33K are involved in the light-dependent reactions of photosynthesis and thus would not be expected to function in mitochondria. One possible explanation was that these proteins are imported by mitochondria in vivo but are then degraded. Although this seemed unlikely to us, to address this possibility we used fusions to GFP to study the targeting in vivo. This marker protein is highly stable and can be targeted into either chloroplasts or plant mitochondria in vivo by attaching an appropriate targeting signal. Significantly, import into both organelles was observed using the dual-targeting presequence of aminoacyl-tRNA-synthetases (13) (14) (15) . We therefore tested one of the plastid proteins found to import into isolated mitochondria, and we fused the cDNA encoding the complete precursor for CPO, and that for just the presequence, to the coding sequence for GFP. As a control, we used the transit peptide for the dual-targeted histidyl-tRNA synthetase (AtHRS) from Arabidopsis (14) . All constructs were under the control of the CaMV35S promoter. They were introduced into tobacco leaf guard cells via particle bombardment, and then the GFP fluorescence was visualized by confocal microscopy. As can be seen in Fig. 6 , viewed 18 h after bombardment, the AtHRS leader sequence targeted GFP to two sorts of organelles. The large oval ones are chloroplasts, because the GFP fluorescence coincides exactly with that for chlorophyll. The smaller punctate organelles are the size and morphology of mitochondria. In contrast, both CPO-GFP fusions were targeted exclusively to chloroplasts. Several independently transformed cells were examined, both guard cells and epidermal cells, and in no case was any mitochondrial targeting detectable. It remained possible however, that the GFP passenger protein was interfering with targeting to mitochondria, so to test this we carried out an import experiment with the CPO leader -GFP fusion protein. Fig.  7 shows that it was imported in vitro into both chloroplasts and mitochondria with similar efficiency. Thus, although CPO-GFP was not targeted to mitochondria in vivo, it was imported into mitochondria in vitro, demonstrating that the in vitro mitochondrial import system lacks specificity.
Removal of Positive Residues in the Presequence Does Not Affect Import into Mitochondria or Chloroplasts in Vitro-One
of the proposed characteristics of mitochondrial targeting regions is the presence of an amphipathic ␣-helix (6). The presequence of GR has been shown previously to target both the mature GR protein and the reporter enzyme phosphinothricin acetyltransferase (PAT) to mitochondria and chloroplasts in vivo (10) . When the presequence was mapped onto a helical wheel projection (40) , in which positively charged residues are aligned on one side of the projection if the protein has amphipathic ␣-helical properties (Fig. 1) , two clusters of positively charged residues were seen on either side of the projection. Several of these residues were found to be conserved when the presequences of GR proteins from pea, tobacco, soybean, and Arabidopsis were aligned (data not shown). To analyze the effects of positive residues in the GR presequence on import into mitochondria and chloroplasts in vitro, several mutants were made in which these residues were changed individually, or in multiples, to alanine, using site-directed mutagenesis. These were then tested in import experiments (Fig. 8) . The wild type GR presequence fused to PAT (GRPAT) was imported into and processed within a protease-protected location in both organelles. The mature PAT protein was present in the chloroplast stroma; therefore, the GR presequence does not contain any thylakoid targeting information. All of the mutant GRPAT precursors were found to be imported into and processed within both organelles. When the import samples were run side by side on the same gel, the mature bands seen in the mitochondrion and chloroplast fractions were slightly different sizes, in agreement with previous data. 3 This result suggests that the organelle preparations were not cross-contaminated, otherwise more than one band would be seen in each processed fraction. Processing of the precursors was not predicted to be affected by altering these positive residues, according to the predicted cleavage sites proposed for mitochondrial and chloroplastic proteins (3, 41). Some differences between the different precursor proteins were observed in this particular experiment. For example, there appears to be some reduction of import of the K27A/R33A double mutant into mitochondria and possibly also of R33A. In addition, there was increased accumulation of the R20A precursor at the surface of the mitochondria compared with other precursors. However, we repeated the imports several times and did not always observe these effects. Our overall conclusion is that none of the mutations have a significant effect on the import efficiency. 3 P. Mullineaux and G. Creissen, unpublished observations.
FIG. 4.
Western blot of chloroplast and mitochondrial fractions from pea. Dilution series of chloroplast and mitochondrial preparations were subjected to SDS-PAGE followed by Western blotting with antibodies raised against the 23K subunit of the oxygen-evolving complex of PSII (chloroplast marker) and the F 1 ␤-subunit of the mitochondrial ATPase. Antibodies to F 1 ␤ specifically cross-reacted with a protein of ϳ55 kDa in mitochondrial fractions and to a ϳ52-kDa protein in chloroplast samples, which corresponds to the CF 1 ␤-subunit of the thylakoid membrane ATPase (CF 1 ␤). The 23K antibody recognized a protein of ϳ23K in all of the chloroplast dilutions. This antibody did not detect any proteins in the mitochondrial samples. Left-hand side, mitochondrial dilution series. Right-hand side, chloroplast dilution series. Center, 0.125 mg⅐ml Ϫ1 mitochondrial (M) and chloroplast (C) dilution in adjacent lanes. These two lanes show that the bands recognized by the anti-F 1 ␤ antibody in chloroplast and mitochondrial fractions are different sizes and therefore are not due to cross-contamination. MWM, pre-stained molecular weight markers (sizes are shown in italics to left-hand side of blot).
FIG. 5. Import into chloroplasts under mitochondrial import
conditions. The precursor of wheat 33K was incubated with pea chloroplasts present at 0.33 or 0.05 mg/ml chlorophyll to mimic mitochondrial import conditions. The precursor was prepared using a reticulocyte lysate, and all other conditions were as in the mitochondrial import assays described above. Symbols are same as in Fig. 2 . Protease-treated thylakoids were also analyzed (Tϩ).
DISCUSSION
In this work our initial goal was to investigate further the observed dual targeting of the pGR to chloroplasts and mitochondria in tobacco plants in vivo (10) and to establish which residues in the transit peptide were important for the dual targeting. We first demonstrated that pGR is efficiently imported into both organelles in vitro (Fig. 2) . However, in the course of this work, a number of precursor proteins were used as controls for the in vitro import. Independently in three different laboratories, we found that isolated pea mitochondria were able to import, with the same efficiency as chloroplasts, a number of chloroplast precursor proteins that would not be expected to be present in plant mitochondria in vivo (Fig. 3) . This is particularly true for those proteins involved in photosynthesis, such as plastocyanin, 33K, and Hcf136, because these would have no mitochondrial function. In addition to these photosynthetic proteins, a tetrapyrrole biosynthesis enzyme, CPO, was imported into both mitochondria and chloroplasts (Figs. 3 and 7) , as reported previously (11) for a later enzyme of the pathway, ferrochelatase-I. Although ferrochelatase activity has been detected in plant mitochondria (42), CPO does not appear to be present in mitochondria either by biochemical (33) or immunological (35) approaches. We further ruled out the possibility of the enzyme being present in mitochondria in vivo, by fusing both the transit peptide and complete precursor protein to GFP. Transient expression of these FIG. 6 . Subcellular localization of GFP fusion proteins in tobacco leaf guard cells. GFP fusion cassettes were constructed in pUC118 under the regulation of 35S CaMV promoter. Each construct was then introduced into tobacco leaf guard cells via particle bombardment. Transformed cells were visualized 18 h after bombardment under a Leica TCS SP confocal microscope with a single excitation wavelength at 488 nm. The emission spectrum was captured at 500 -515 and 630 -680 nm for GFP and chlorophyll fluorescence, respectively. The images were digitally recorded and then edited with Adobe Photoshop® 5.5 software. The 1st column (green channel) is the GFP fluorescence; the 2nd column is the chlorophyll autofluorescence; and the 3rd column is an overlaid image of the two. The scale bar at the bottom left corner represents 10 m.
FIG. 7.
Import of CPO leader -GFP fusion protein into isolated organelles in vitro. Chloroplasts and mitochondria were isolated from pea leaves as in Fig. 2 and incubated with the precursor protein of the CPO leader fused to smRSGFP (Table I) . Samples were processed and analyzed as in Fig. 2 . The mobility of mature-sized GFP is indicated. Symbols are same as in Fig. 2 legend.   FIG. 8 . Removal of positive charges in transit peptide of pea GR does not affect import into either chloroplasts or mitochondria. Several basic residues throughout the GRPAT presequence were changed to alanine using site-directed mutagenesis. All of the mutants assayed were imported to a protease-protected location within mitochondria or the chloroplast stroma, with apparently the same efficiency as the non-mutant (GRPAT), in the pea in vitro assay system. Samples were processed and analyzed as in Fig. 2 . Mitochondria pre-treated with 10 M valinomycin are shown in the last two lanes (ϩVal).
constructs in tobacco leaf guard cells confirmed that CPO targets GFP exclusively to chloroplasts (Fig. 6) .
Thus it would appear that isolated pea mitochondria aberrantly import precursors in vitro. This is observed for proteins found in more than one chloroplast location (stroma and thylakoid lumen) and appears to be dependent on the normal mitochondrial import apparatus, because it is abolished by valinomycin, which collapses the membrane potential (38) but has no effect on chloroplast protein import (39) . Nonetheless, it is possible that the lack of specificity is due to damage or bypass of the TOM complex. However, it must be emphasized that not all precursor proteins are imported by the isolated mitochondria, including light-harvesting chl a/b protein (this study), porphobilinogen deaminase (11), and ferrochelatase-II (12) , demonstrating that some specificity remains in the system. The fact that ferrochelatase-II is not imported is interesting given the fact that it shares about 70% sequence similarity with ferrochelatase-I, previously shown to be dual-targeted in vitro (11) . It is therefore likely that the information for import into isolated mitochondria resides in the transit peptide.
Inspection of the transit peptides for the aberrantly imported precursors does not reveal any features in common, other than the normal characteristics of organelle transit peptides. The two most popular web sites for predicting the likely subcellular location of a protein from the sequence of the transit peptides, TargetP (www.cbs.dtu.dk/services/TargetP) and Predotar (www.inra.fr/Internet/Produits/Predotar), predict that all four aberrantly targeted proteins would be targeted to plastids in vivo. This is also true for Arabidopsis histidyl-tRNA synthetase (14) and methionyl-tRNA synthetase (13), both of which have been demonstrated to be genuinely dual-targeted in vivo using GFP fusions. It will therefore require a much greater understanding of which elements within a transit peptide are responsible for specific interactions with the import apparatus in the different organelles, before we are able to determine the subcellular location of a protein from the primary sequence of the transit peptide.
Our results are also indicative of the need to be wary when extrapolating from in vitro experiments to the situation in vivo, in particular with regard to the localization of proteins within the plant mitochondria. It is clear that in vivo experiments, such as with antibodies or with GFP fusions, are essential to determine with certainty the subcellular location of a protein.
In contrast, in all our work we have always found that isolated chloroplasts import precursors with complete fidelity. Thus if a protein is imported by isolated chloroplasts, it will very likely be found within these organelles in vivo.
The subcellular location of pea GR within both plastids and mitochondria was demonstrated by in vivo studies of transgenic tobacco expressing both the complete pGR and a fusion of the GR transit peptide to a reporter protein (10) . In both cases there was reproducible targeting of the transgene product to mitochondria, although at much lower levels than to plastids. Based on previous data (16 -19) in which removal of positively charged residues from the transit peptide reduced or abolished import into mitochondria from plants, fungi, and animals, it was predicted that the positively charged residues in the GR transit peptide (Fig. 1) would similarly be important. However, none of the site-directed mutations had any significant effect on the efficacy of import into either mitochondria or chloroplasts (Fig. 8) . These data strongly suggest that an amphipathic ␣-helix is not required for the import of this protein.
Nevertheless, it is the case that in vivo there is a high degree of specificity of import of precursor proteins to chloroplasts and mitochondria. In fungal and animal systems several factors have been implicated in directing precursor proteins to mitochondria, including mRNA-binding proteins (43) and cytosolic factors HSP70 (44) and mitochondrial import stimulating factor (45) . In our in vitro system these factors may not be present, and so any specificity they may confer would not operate.
Evidence for a difference in behavior of mitochondrial and chloroplast precursors came from the work of Waegemann and Soll (46) , who demonstrated that the transit peptide of a number of chloroplast precursors were phosphorylated while a mitochondrial precursor was not. The phosphorylated precursor protein interacted with a 14-3-3 protein (47), and they proposed this might be important in preventing mistargeting to mitochondria. A consensus phosphorylation motif was identified in several chloroplast precursors, and mutagenesis of the phosphorylation site (a serine or threonine) prevented interaction with the 14-3-3 protein (47). However, this cannot be the explanation for the apparent mistargeting of the proteins we have observed (Fig. 3) , because several contain the consensus phosphorylation motif. Moreover, ferrochelatase-II, one of the proteins not imported by isolated mitochondria, does not possess this sequence (12) . More recently, it has been observed that the Tom20 and Tom22 components of the plant mitochondrial translocase are different from those of their fungal counterparts (48) , leading the authors to propose that this is because of the unique need for plant mitochondria to distinguish chloroplast precursors from those of bona fide mitochondrial preproteins.
